Although there is considerable evidence for a strong genetic component to idiopathic autism, several genome-wide screens for susceptibility genes have been carried out with limited concordance of linked loci, reflecting numerous genes of weak effect and/or sample heterogeneity. In the current study, linkage analysis was carried out in a sample of 62 autism-affected relative pairs with more severe obsessive-compulsive behaviors, selected from a larger (n ¼ 115) set of autism-affected relative pairs as a means of reducing sample heterogeneity. Obsessive-compulsive behaviors were assessed using the Autism Diagnostic Interview-Revised (ADI-R). In the sample with more severe obsessive-compulsive behaviors, multipoint NPL scores above 2 were observed on chromosomes 1, 4, 5, 6, 10, 11 and 19, with the strongest evidence for linkage on chromosome 1 at the marker D1S1656, where the multipoint NPL score was 3.06, and the two-point NPL score was 3.21. In follow-up analyses, analyzing the subset of families (n ¼ 35) where the patients had the most severe obsessivecompulsive behaviors generated a multipoint NPL score of 2.76, and a two-point NPL score of 2.79, indicating that the bulk of evidence for linkage was derived from the families most severely affected with obsessive-compulsive behaviors. The data suggest that there is an autism susceptibility gene on chromosome 1 and provide further support for the presence of autism susceptibility genes on chromosomes 6 and 19.
Introduction
Autism/autistic disorder (MIM 209850) is a development disorder characterized by three classes of symptoms including impairments in communication and reciprocal social interactions, and repetitive or stereotyped behaviors and interests. 1, 2 Twin studies have indicated that genetic factors play an important role in the etiology of autism as the concordance rate for monozygotic twins is much higher than that of dizygotic twins. [3] [4] [5] [6] In addition, family studies indicate that the recurrence risk to siblings, estimated from multiple studies at 1-3%, is profoundly higher than the risk to the general population, which has been estimated at B0.5-2/1000. 7, 8 The mode of inheritance of autism appears complex and latentclass analyses suggest that 3-10 genes may underlie the disorder, 9 although analysis of one genome-wide linkage analysis has been used to suggest that at least 10 10 and as many as 100 11 genes underlie the disorder. There have been several genome-wide screens for autism susceptibility genes that have been recently published (reviewed in Spence 12 and Gutknecht 13 ). In these screens, there was often little overlap in the highest linkage peaks. These results have led to the suggestion that autism may involve extensive genetic heterogeneity 14 and/or many interacting genes of weak effect. 10, 11 If so, it may prove very difficult to use genome-wide linkage analysis to identify susceptibility loci with the typical samples size of 50-200 families.
Regardless of the actual number of genes involved in autism, decreasing sample heterogeneity will increase the likelihood of identifying genes. We have recently proposed that identifying traits that tend to be shared by family members, and particularly by affected sibling pairs, is a useful means of identifying subgroups of families that are more genetically homogeneous. 15 In studies of 212 multiplex sibships, we observed that variance within sibships was reduced for the severity of obsessive-compulsive behaviors, the level of deficits in nonverbal communication, the presence of phrase speech, and the age at phrase speech. 15 These results agree with two preceding studies, both with less than 50 sibships, where familiality was observed in the repetitive behavior domain in one study, 16 and in impairments in nonverbal communication and verbal/nonverbal status in the second study. 17 These clinical traits might be useful to subcategorize families for linkage analysis. In a recent study, we demonstrated that restricting analyses to families with delayed onset of phrase speech increases evidence for linkage to chromosome 2q. 18 This observation has since been replicated in an independent study 19 and in a follow-up study of our own (unpublished). Interestingly, the most significant evidence for linkage in a recent study by the International Molecular Genetic Studies of Autism Consortium (IMGSAC) involving 152 sibpairs having autism with language delay was on chromosome 2, exactly overlapping our peak. 20 In the IMGSAC study, language delay was an inclusion criterion, and was defined as no single word before 24 months and/or no phrase speech before 33 months. The addition of language delay as an inclusion criterion in this study is significant in that the families ascertained were likely more similar to those with delayed onset of phrase speech in our study and in the study of Shao and colleagues. As concordance between affected relative pairs extends to the severity of obsessivecompulsive behaviors 15 as well as to parents of affected children, 21 in the current study we carried out analyses searching for susceptibility loci in families with more severe obsessive-compulsive behaviors.
Materials and methods

Subjects
Families were part of an on-going recruitment for multiplex autism families carried out by the Seaver Autism Research Center (SARC)/Greater New York Autism Research Center for Excellence/STAART Center, corecruited by SARC and the Autism Genetic Resource Exchange (AGRE), or recruited by AGRE. 22 All samples are available in the AGRE repository. All potentially affected individuals were assessed by the Autism Diagnostic Interview-Revised (ADI-R). 1 To be considered affected with autism for this study, an individual had to satisfy the prespecified cutoff scores 1 in all three-symptom areas of the ADI-R and present with evidence for an onset of symptoms prior to 36 months of age. Individuals who failed to meet the ADI-R algorithm criteria for autism by no more than one point in the social domain and either the communication or repetitive behavior domain, but not both, were given a research diagnosis of borderline autism. A diagnosis of borderline autism was also given to individuals in which all three domains were above threshold, but the onset criterion for autism was not met. A research diagnosis of Asperger's disorder was given to those with neither autism nor borderline autism but who met criteria for Asperger's disorder by DSM-IV. Families were excluded if there was not at least one affected individual with a research diagnosis of autism. From the families meeting these criteria (All), families in which there were two or more affected family members, and the affected family members had an algorithm score of 2 or greater on the combined ADI-R D1 and D2 categories, were identified (OC set) and analyzed for linkage. For follow-up analyses, families in which there were two or more affected family members, and the affected family members had an algorithm score of 3 or greater on the combined ADI-R D1 and D2 categories, were identified (Stricter subset).
Collection of bloods, transformation of cells, PCR amplification and genotyping with 335 microsatellite markers have all been carried out previously and have been described. 23 The genotyping, performed in the laboratory of Dr T Conrad Gilliam, can be found on the AGRE website (www.agre.org).
Statistical analysis
Multipoint linkage analyses using nonparametric estimates of sharing were carried out using NPL with Genehunter. 24 In addition, multipoint LOD analyses under dominant and recessive modes of inheritance were carried out, 25, 26 with penetrance set at 50% 27 and allowing for locus heterogeneity (HLOD). 28, 29 This simple parametric approach is appropriate for many complex traits, even where true modes of inheritance and numbers of genes contributing to the disease may not be known. 30, 31 The genotype data analyzed here were obtained from a previous study. All genotyped family members were included in the analyses and any individual not receiving a research diagnosis of autism, borderline autism or Asperger's syndrome was defined as phenotypically unknown. Disease allele frequency was arbitrarily set at 0.1 for recessive inheritance and 0.006 for dominant inheritance.
Results
ADI-R criteria were used to identify 115 families with affected relative pairs ( Table 1) . For this study, at least one individual in each pair had to satisfy ADI-R criteria for autism. In 92 families, a second individual also met ADI-R criteria for autism (Class I families), while in 13 families, a second individual met criteria for borderline autism (for definition see Methods and Buxbaum et al 18 ) and in 10 families a second individual met DSM-IV criteria for Asperger's syndrome (Class II families). Family studies suggest that genetic liability extends to other PDDs and to Asperger's syndrome, and it has previously been argued that including such individuals will not introduce significant genetic heterogeneity (eg 23, 32 ). Previous work 15 provided evidence that the levels of the repetitive behavior/stereotyped patterns domain, as measured by the ADI-R, represent an independent familial trait in autism. In particular, the familiality observed was driven by those traits more closely associated with obsessive-compulsive behaviors (ADI-R categories D1 and D2), as opposed to the more self-stimulatory behaviors (ADI-R categories D3 and D4). The ADI-R D1 category notes the presence of encompassing preoccupations (ADI-R item 70) and/or circumscribed patterns of interest (ADI-R item 71). The ADI-R D2 category notes the presence of apparently compulsive adherence to nonfunctional routines and/or rituals, be they either verbal rituals (ADI-R item 25), or other compulsions or rituals (ADI-R item 75). We have recently shown an increased rate of obsessive-compulsive behaviors in parents of autistic children who have higher levels of obsessive-compulsive-like behaviors (ADI-R categories D1 and D2) compared to parents of children with lower levels. 21 For the current study, we used an algorithm score in all the affected individuals within a sibship of 2 or greater on the combined ADI-R D1 and D2 categories as a means of identifying families with relatively higher levels of obsessive-compulsive-like traits. Applying this criterion to the 115 families led to the identification of 62 families with more severe obsessive-compulsive behaviors (OC Set, Table 1 ).
The families with more severe obsessive-compulsive-like behaviors were examined for evidence for linkage. Peaks with a multipoint NPL score of above 2 were observed on chromosomes 1, 4, 5, 6, 10, 11 and 19 ( Figure 1 ; Table 2 ). Peak position, nearest marker, as well as multipoint NPL and HLOD scores for each of the peaks are shown ( Table 2) .
The peak at 245.1 cM on chromosome 1, at marker D1S1656, reached a multipoint NPL score of 3.06, a multipoint HLOD score of 2.01 under a recessive model, and a multipoint HLOD score of 1.99 under a dominant model (Table 2) . Two-point analysis at marker D1S1656 demonstrated an NPL score of 3.21, an HLOD score of 2.45 under a recessive model, and an HLOD score of 2.29 under a dominant model (Figure 2 ; Table 3 ). These values reach criteria for suggestive linkage. The adjacent marker D1S3462 demonstrated a two-point NPL score of 1.73, a twopoint HLOD score of 0.92 under a recessive model, and a two-point HLOD score of 0.94 under a dominant model (Table 3) . Figure 1 Genome-wide linkage analysis for autism susceptibility loci in families with obsessive-compulsive traits.
(a) 62 families (OC set in Table 1 ) were used for linkage analysis using NPL with Genehunter. 24 For comparison, all families (b) and the families excluded from the study (non-OC) (c) are shown.
To determine the degree to which the observed evidence for linkage was contributed preferentially from families with more severe obsessive-compulsive behaviors, we compared the evidence for linkage between these families, and from the larger sample of 115 families from which these families were selected ( Figure 3 ; Table 3 ). From this analysis, it was clear that families with more severe obsessivecompulsive behaviors were contributing to linkage disproportionately more than other families. We therefore defined a more restrictive inclusion criterion to identify those families with the most severe repetitive behaviors: all the affected individuals within a sibship had to have an algorithm score of 3 or greater on the combined ADI-R D1 and D2 categories. Applying this criterion to the 62 families (OC set) led to the identification of 35 families with the most severe obsessive-compulsive-like behaviors (Stricter subset, Table 1 ). Interestingly, this small group of families contributed a very large proportion of the evidence for linkage on chromosome 1 in both multipoint ( Figure 3 ) and two-point (Table 3) analyses.
Discussion
Several recent genome-wide scans in autism have yielded somewhat limited concordance in results. This might be considered surprising given the evidence for profound genetic etiology for autism and a lower estimate of the number of genes involved. The disparate results from the genome-wide scans have led to a suggestion that the number of genes may be much higher than thought, and that perhaps linkage analysis and positional cloning may not be successful in this disorder. 10 Several approaches have been considered in the autism research community as a means to improve the chances of finding genes by positional cloning. These approaches include narrowing the definition of affectedness to define more genetically homogeneous groups, 15 or increasing information by defining individuals with a broader autism phenotype 33, 34 as affected. The current study made use of obsessivecompulsive behaviors, previously shown to evidence familiality, to define a subset of families with more severe behaviors, as a potential means of increasing genetic homogeneity.
In our study, evidence for linkage was found in 1q, 4q, 5p, 6q, 10p, 10q, 11p and 19p, using obsessive- compulsive behaviors as a restricting criterion for the analysis. Our results are in agreement with previous reports for evidence for linkage between autism and 6q14 35 and 19p13 18, 32, 35 chromosome regions. In contrast, this study represents the first evidence for genetic linkage between autism and D1S1675 on chromosome 1q24 (previous genome-wide scans reported evidence for linkage between autism and D1S1631 and D1S1675, located on chromosome 1p13-p21, in American and Finnish cohorts 10, 36 ). The strongest evidence for linkage was found on chromosome 1q24 in the current study. This candidate locus for a susceptibility gene in autism covered a region of about 35 megabases between markers D1S346 and D1S547. Presently, 91 known genes and 64 putative genes are mapped in this interval. Among the genes encoding a protein with a known function, KCNH1 (potassium voltage-gated channel, subfamily H, member 1), KCNK1 and KCNK2 (potassium channel, subfamily K, members 1 and 2) are found in this interval, as are DISC1 and DISC2 (disrupted in Schizophrenia 1 and 2). The DISC locus has been implicated in genetic studies as a susceptibility locus for major psychiatric illnesses. 37, 38 Truncated mutations of DISC1 have been shown to reduce neurite extension, consistent with a role in brain development. 39 These genes could be therefore considered possible candidate genes for autism.
The insistence on sameness (IS) factor from the repetitive/behavior stereotyped patterns domain in ADI-R was recently used as a phenotypic subtype to reinvestigate the potential chromosome 15q11-q13 autism locus. 40 Use of IS led to the increased evidence of linkage to autism for the region around the GABRB3 locus. It will be particularly interesting, if these authors extend their study to the whole genome, to identify regions that overlap with those found in the current study.
Etiology of obsessive-compulsive behaviors or disorders (OCD) remains unknown. Evidence from twin and genetic studies support the idea that obsessive-compulsive behaviors have a strong genetic component. Using the candidate gene approach, positive associations have been found with COMT, 5HT1DB or DRD4 polymorphisms in family-based association studies. 41 None of these genes are in candidate regions observed in our study. Genomewide scan analyses for OCD have shown linkage with chromosome 6p, 9p and 19q. 42 An OCD-expressing subset has also been studied in a genome-wide screen of Gilles de la Tourette syndrome families. Linkage of OCD with chromosome regions 4q34 and 5q35 was found. 43 Again, there was no overlap between these OCD loci and our candidate regions.
In summary, the current results suggest that using severity of obsessive-compulsive behaviors to define Two-point linkage analyses using nonparametric estimates of sharing were carried out using NPL with Genehunter for the 62 families with an obsessive-compulsive-like phenotype (OC set), for the 35 families with a more severe obsessivecompulsive-like phenotype (Stricter subset) and for the larger sample from which these families were derived (All). Similarly, two-point HLOD analyses were carried out, under dominant (d) and recessive (r) conditions, for these groups. Figure 3 Linkage analysis of chromosome 1 as a function of obsessive-compulsive symptoms. Multipoint linkage analyses using nonparametric estimates of sharing were carried out using NPL with Genehunter for the 62 families with an obsessive-compulsive-like phenotype (OC set, dark line), for the 35 families with a more severe obsessive compulsive like phenotype (Stricter subset, light line) and for the larger sample from which these families were derived (All, dashed line).
more severely affected individuals may decrease genetic heterogeneity, and indicate the presence of an autism susceptibility locus on chromosome 1 while supporting prior evidence for genes on chromosomes 6 and 19. However, the results can only be taken as suggestive and require replication in a separate group of families before evidence for linkage will be compelling.
